Introduction
In the framework of the French research law related to the specific conditioning of long life radionuclides in dedicated ceramics, phosphate matrices were extensively studied. 15 On the basis of several properties of interest such as weight loading, 6 sintering capability, 7,8 resistance to aqueous alteration 811 or to radiation damage, 12, 16 monazites (M III PO 4 ), brabantites (M II 0.5 M IV 0.5 PO 4 ) and associated monazite/brabantite solid solutions (M III 1−2x M II x M IV x PO 4 ) were selected to perform advanced kinds of experiments through, as instance, the French Research Group NOMADE (CNRS/CEA/AREVA/EDF/French universities) in the field of the so called "Technical Feasability". 17 The synthesis of monazites, especially pointing out the preparation 1,18, , the process 2124 or the optimization of specific properties required 9, 16 was already described. On the basis of their redox properties, the actinides considered for the development of such matrices, could be mainly trivalent (Pu, Am, Cm) or tetravalent (Th, U, Np, Pu) which strengthens the interest of designing matrices which could accept both tri-and tetravalent elements in their structure, e.g. M III 1−2x M II x M IV x PO 4 . 5, 7 From a geochemical point of view, monazite (LnPO 4 with Ln: La−Tb) is the most abundant lanthanide phosphate observed in natural samples. 25 Such minerals appear as the major thorium source on earth, especially in several ores which contain up to 14.3 wt.% and 15.6 wt.% in ThO 2 and UO 2 , respectively. 26, 27 Some other observations revealed the presence of samples containing up to 50 wt.% of thorium and consequently no indication of the presence of lanthanides in the minerals. 25, 28, 29 The incorporation of both tetravalent elements in the monazite structure was usually explained by the two following coupled substitutions: 
Some analyses carried out on natural samples revealed that the mechanism described by (eq 1) is widely predominant. 3032 It leads to a complete and ideal solid solution M III 1−2x M II x M IV x PO 4 , between pure monazite and pure brabantite (M II 0.5 M IV 0.5 PO 4 ). 33 Van Emden et al. also noted that in several samples containing cerium, the (Ca+Si) content was higher than (Th+U) 32 leading to the conclusion that 3 tetravalent cerium was probably incorporated in the monazite structure through both coupled substitutions. However, no analysis was carried out to validate this hypothesis. In the field of the second coupled substitution (eq 2), one of the ThSiO 4 form is isostructural from LaPO 4 (monoclinic system, S.G.: P2 1 /n) which is not the case for USiO 4 (tetragonal system, S.G.: I4 1 /amd). It is worth noting that ThSiO 4 could exist in both crystallographic forms; 34 the phase transition from tetragonal to monoclinic occurring at about 1200°C. Moreover, USiO 4 is unstable at temperatures higher than 500°C in air (1 atm.) and decomposes into UO 2 and SiO 2 . 35;36 The preparation of synthetic actinide bearing monazites was driven either by wet or dry chemistry methods. Among the methods based on wet chemistry processes, a large part involved the precipitation of initial crystallized precursors (e.g. rhabdophanes of formula LnPO 4 ·½H 2 O) 37 then an heating treatment above 700°C.
For trivalent actinides, these methods allowed the preparation of AnPO 4 (with An = U, Pu, Am-Bk).
The incorporation of trivalent uranium, which appears rather curious from a redox point of view, was obtained in anoxic conditions and in presence of formic acid from a mixture of Na 3 PO 4 and trivalent uranium solution. 38 The preparation of PuPO 4 was reported from PuPO 4 ·½H 2 O precipitated between 75°C and 90°C from a mixture of trivalent plutonium and phosphoric acid in presence of concentrated sulphuric acid or from a mixture of plutonium trichloride and (NH 4 ) 2 HPO 4 . 39, 40 After heating above 950°C, this blue well crystallized precursor was fully transformed into Pu-monazite. 40, 41 More recently, the preparation of La 1−x Am x PO 4 with large amounts of 241 Am was reported by Aloy et al. 42 from associated precipitated rhabdophanes. The same way was finally applied to prepare Am-monazite samples from Am-rhabdophane 43, 44 at the gram scale and CmPO 4 , 45, 46 BkPO 4 , CfPO 4 and EsPO 4 at the microgram scale. 46 The main conclusion is that, excepted for U-monazite which preparation remains doubtful due to the low stability of trivalent oxidation state of uranium, An-monazite samples can be obtained easily from plutonium to einsteinium by using wet chemistry methods.
On the contrary, some other actinides (Th, Pa, Np) can not be incorporated in their trivalent oxidation state in the monazite structure that requires their incorporation by the way of coupled substitution, as 4 described in (eq 1) and (eq 2). Moreover, brabantites and monazite/brabantite solid solutions are rather difficult to obtain through wet chemistry methods. dioxygen fugacity and to avoid the oxidation of uranium (IV) into uranyl). 47, 48 By this way, polyphase systems composed by Ca 0.5 U 0.5 PO 4 and U 2 (PO 4 )(P 3 O 10 ) 49 were always prepared, leading to the same conclusions than that given by Muto et al. 50 According to literature, single crystals of monazite and monazite/brabantite solid solutions were usually prepared by the flux method from a mixture of rare-earth oxide and lead diphosphate at 1300°C. 51 The crystals of monazite (or monazite/brabantite), formed during the cooling step (975°C ≤ T ≤ 1300°C) were finally isolated by preferential dissolution of PbP 2 O 7 in hot concentrated nitric acid. By the way, several authors reported the formation of samples doped with uranium (up to 10 wt.%), neptunium (3.0 wt.%), plutonium (6.0 wt.%), americium (up to 0.5 wt.%) or curium (0.1 wt.%). 6, 52, 53 While the formation of Am− or Cm−doped monazite samples is not surprising taking into account the stabilization of the trivalent oxidation state of these actinides, the incorporation of the two tetravalent actinides (U, Np) in monazite samples could not be explained by the formation of vacancies for the weight loadings considered but probably involves the formation of Ln 1-2x Pb x An x PO 4 solid solutions as an explanation of such weight loadings with tetravalent actinides. 54 For Pu−doped samples, the stabilization of both oxidation states could be also evoked 39, 40, 55 even though the probability of the presence of Pu(III) appears to be more important on the basis of the reduction of Pu(IV) into Pu(III), as already discussed in literature. 56, 57 Consequently, the incorporation of high weight loadings of tetravalent actinides in the monazite structure requires one of the two coupled substitutions discussed in (eq 1) and (eq 2). This
incorporation, which appears difficult to reach by wet chemistry methods, seems to occur only considering dry chemistry methods. Indeed, samples of Ca 0.5 An 0.5 PO 4 (An = Th, U or Np) were prepared as single phase after heating a mixture of AnO 2 , CaCO 3 and (NH 4 ) 2 HPO 4 at high temperature under inert conditions. 58, 59 16 On the contrary, the application of the same procedure to the preparation of Ca 0.5 Pu 0.5 PO 4 remained unsuccessful, probably due to the reduction of Pu(IV) into Pu(III) during the heating treatment, leading to the formation of PuPO 4 . 59 The same conclusion was given on the basis of several attempts to stabilize tetravalent cerium as Ca 0.5 Ce 0 r   IV  IX  III  IX  II  IX  III  IX  IV  III  IX  II  III values were determined from (eq 3) and (eq 4), on the one hand, and from the ionic radii of actinides determined according to Shannon 64 with the assumption that the evolution of the actinide ionic size follows a linear function of the atomic number as well as in the eightfold coordination, 16 Table 1 . One can note that the coupled substitution 2 Ln III ⇔ M IV + M II would not be complete for cerium (x max = 0.47) or plutonium (x max = 0.45). The aim of this paper is thus to investigate (reexamine) the incorporation of three tetravalent elements (Th, U, Ce) in the brabantite structure through high temperature solid state route. In this work, thorium is considered on the basis of its stabilized tetravalent oxidation state which excludes other redox 7 reactions. On the contrary, tetravalent uranium that can be oxidized and cerium (used as a plutonium surrogate) that can be reduced have been considered in a second part of the work. A particular aspect of this study consists in the description of the schematic scheme of incorporation of these three tetravalent elements (Th, U, Ce) in the brabantite structure, as a preliminary work dedicated to the formation of monazite/brabantite solid solutions including tetravalent thorium and/or uranium.
Experimental section
All the samples were prepared by firing initial mixtures containing MO 2 , Ca(HPO 4 )·2H 2 O (or CaO for cerium compounds) and NH 4 H 2 PO 4 . 1, 17 In order to increase the reactivity of the initial mixtures, the starting materials were ground for few minutes by mechanical grinding in zirconia bowls before being The thermal behaviour of the mixtures was followed by differential thermal analysis (DTA) and thermogravimetry (TG) using a Setaram TG 92−16 apparatus in platinum crucibles. All the XRD analyses were performed on powdered samples at room temperature using a Bruker D8 Advance X-ray diffractometer (Cu K α = 0.15418 nm). The unit cell parameters were refined using U−Fit or PowderCell software. 65, 66 The Electron Probe MicroAnalyses (EPMA) experiments were carried out using Cameca SX 50 and SX 100 apparatus (operating with an acceleration voltage of 15 kV and a current intensity of 10 nA).
The calibration standards used were mainly LaPO 4 and CePO 4 monazites (K α emission of phosphorus and L α emission of cerium, respectively), wollastonite Ca 2 SiO 4 (K α emission of calcium), ThO 2 (M α emission of thorium) and UO 2.12 (M β emission of uranium). It is worth noting that some interferences were detected during the EPMA analyses in the samples containing simultaneously large amounts of 8 calcium and uranium, leading to the systematic over-estimation of the calcium content, as already discussed for Ca 9 Nd 0.5 U 0.5 (PO 4 ) 4.5 (SiO 4 ) 1.5 F 2 (U-britholites) samples. 3 µ-Raman spectra were recorded with a microspectrometer LABRAM (Dilor -Jobin Yvon) using an argon laser operating at 514.5 nm with a power in the range 1-10 mW. The sample position was checked thanks to an Olympus microscope.
Transmission electron microscopy (TEM) and Electron Energy Loss Spectroscopy (EELS) analyses were performed in the SACTEM−Toulouse, using a Tecnai F20 (FEI) equipped with an objective lens aberration corrector (CEOS) and imaging filter (Gatan Tridiem).
Results and discussion

Preparation of Ca 0.5 Th 0.5 PO 4
The synthesis of Ca 0.5 Th 0.5 PO 4 was followed, from a starting mixture of Ca(HPO 4 )·2H 2 O, ThO 2 and NH 4 H 2 PO 4 , versus the heating temperature (400 ≤ T ≤ 1400°C) using DTA/TG experiments (Figure 1 ). Between 800 and 900°C, the system appears thus polyphase and consists on a mixture of Ca 0.5 Th 0.5 PO 4 , Ca(PO 3 ) 2 , ThO 2 and α−ThP 2 O 7 between which several chemical reactions occur leading to the numerous effects observed during the DTA experiments. The thermal effects observed between 700 and 1000°C are surely the consequence of several solid-solid reactions between all these compounds.
Nevertheless, these effects can not be easily discriminated which contributes to some difficulties in their specific assignment, as already mentioned.
Above 1000°C, the XRD patterns correspond to pure and single phase Th−brabantite 68 which chemical composition is consistent with that expected (Table 2) . The spectroscopic characterization of Ca 0 All the data recorded appear in good agreement with that reported in literature. 69 Moreover, no vibration band associated of the P−O−P bridge characteristic of diphosphate entities or of polytrioxophosphate groups is observed (especially in the range of 700 -800 cm -1 ) 70 that confirms the complete reaction between intermediates such as α-ThP 2 O 7 and Ca(PO 3 ) 2 .
Finally, the crystallinity of the Th−brabantite phase was followed through the determination of the average FWHM of the main XRD lines, corresponding to the 1 1 1 , 1 0 2 , 0 2 1 , 2 1 0 , 2 0 2 and 2 1 1 reflections (Figure 3) , and of the refined unit cell parameters (Table 3) From these data, it is clear that the cristallinity of Th−brabantite samples is significantly improved when increasing the heating temperature from 750 to 1200°C, the optimized conditions of preparation being obtained between 1200 and 1300°C. At these temperatures, the unit cell parameters obtained (a = 13 6.7123(4) Å, b = 6.9169(5) Å, c = 6.4163(5) Å and β = 103.738(6)° ) appear in good agreement with the data reported in the literature for Th−brabantite samples prepared through other chemical processes which confirms the full incorporation of thorium in the monazite structure through the coupled substitution examined. 47, 71 Finally, at 1400°C, the refinement of the unit cell parameters seems to indicate the beginning of the thermal decomposition of Ca 0.5 Th 0.5 PO 4 , which was especially observed when increasing the heating time at this temperature. For higher heating temperatures, some small amounts of thorium dioxide were also detected at the surface of the samples (especially when working on Th−brabantite pellets), as a consequence of the local decomposition of Th−brabantite into calcium oxide, thorium dioxide and volatile phosphorous oxide (P 4 O 10 ), according to:
Preparation of Ca 0.5 U 0.5 PO 4
From the results reported in the previous section, the full incorporation of thorium in the monazite structure appears possible when heating between 1200 and 1300°C. However, as already discussed, thorium is expected to be only tetravalent in these operating conditions of synthesis. For this reason, the incorporation of uranium which presents several stabilized oxidation states (mainly (IV) and (VI) in phosphoric medium) was also examined. In this aim, mixtures of UO 2 , Ca(HPO 4 )·2H 2 O and NH 4 H 2 PO 4 were ground mechanically then fired at several heating temperatures ranging from 400 to 1400°C. (Table 2) while the unit cell parameters determined (Table 3) 
Synthesis of Ca 0.5 Ce 0.5 PO 4
As uranium, plutonium could exist with two stabilized oxidation states (III and IV) in the phosphate environment. However, the trivalent oxidation state appears as the most favorable plutonium oxidation state in the monazite structure. Nevertheless, it is questionable if Pu(IV) could exist in such a structure when calcium is simultaneously incorporated. Because of the radiotoxicity of plutonium, experiments were first developed with cerium as a surrogate, since cerium presents similar properties with plutonium, both in terms of ionic size and redox properties. To this aim, the thermal behavior of a CeO 2 −CaO−2NH 4 H 2 PO 4 mixture was investigated.
The physical and chemical phenomena occurring during the calcination of the starting mixture were followed by thermal analysis and by XRD for Ca 0.5 Ce 0.5 PO 4 ( Figure 6 ). 2 and Ca 2 P 2 O 7 , measured by thermal analysis, was found to be located at 985°C and 1318°C, respectively. From these results, the qualitative mechanism of reaction can be proposed ( Figure 5 ). The reactions can be sorted into two categories: 
The oxygen emission appears as the consequence of the reduction of the Ce(IV) into Ce(III).
(b) Liquid state reactions (930°C < T < 1050°C)
− At 930°C, Ca(PO 3 ) 2 melts (DTA effect at 930°C) and dissociates into Ca 2+ and PO 3 − : 80
− In such an ionic liquid, the Ce−O chemical bond of CeO 2 is probably broken 80 
However, several experiments indicate that the reaction reported in (eq 15) is not complete and that the powder contains both trivalent and tetravalent cerium. The resulting powder exhibits a green color, as observed by Heindl et al., 60 whereas CePO 4 is usually white colored. Moreover, the unit cell parameters are smaller (a = 6.711 Å, b = 7.036 Å and c = 6.384 Å) than that reported for pure CePO 4 (a = 6.800 Å, b = 7.024 Å and c = 6.474 Å), 1 which appears in agreement with the partial incorporation of Ce(IV) in the monazite structure, since ½(Ce IV +Ca II ) is smaller than Ce III (1.10 Å and 1.196 Å, respectively). 64 The presence of Ce IV in the monazite structure was highlighted without any ambiguity by EELS (Figure 7) . 
The measurement of Ce IV /Ce III ratio was obtained by using two methods:
(a) EPMA experiments: in the monazite phase, the amount of tetravalent cerium was determined by measuring both Ca and Ce contents, noted (Ca) and (Ce), respectively, with the assumption that Ca 2+ acts as the only charge compensation mechanism. The Ce IV /Ce III mole ratio is thus given by the following relationship: 
21 which allows the determination of y according to: y   III  II  IV   III   Ce  Ca  Ce   IV  II  III   IV  II  III  Ce  La   IX  IX  IX  IX   IX  IX Based on the unit cell parameters determined, this method exhibits a constant accuracy, whatever the x value considered.
All the results reveal the presence of tetravalent cerium in monazite/brabantite samples (Table 4, Figure 8 ). Nevertheless, the incorporation rate appears weak, i.e. Ce IV /(Σ cations) < 10%, which is lower from the expected value (47%), exclusively obtained on the basis of sterical criteria (eqs 3-4 and Table   1 ). remain unknown in the conditions of synthesis considered. Nevertheless, it is possible to discuss on the basis of the values at 25°C − 1 atm. 83 In these conditions, the redox potential of Pu 4+ /Pu 3+ and Ce 4+ /Ce 3+ are close to O 2 /O 2-(1.006V, 1.72V and 1.12V, respectively), which is in accordance with the existence of monazite containing both tri-and tetravalent cerium (this work) and plutonium. 16 = 0.5 for plutonium and 0.1 for cerium, respectively).
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